Our experiment measured electrons emitted from a 90 Sr source, accelerated in a spherical electromagnetic. We measured velocity, energy, and momentum in order to compare classical and relativistic equations using a multi-channel analyzer. We determined that relativistic equations are needed at high velocities. We determined a value for e/m to be 1.37 ± 0.41 × 10 17 statCg −1 .
INTRODUCTION
In the early twentieth century, physicists begin to note the discrepancies between Newton's classical mechanics and Maxwell's theory of electromagnetism. The failure of the Michelson-Morley experiment, attempting to detect absolute motion of the earth through an "aether", is the most often cited example of these contradictions. Abraham, Lorentz, and Poincare all submitted various formulas attempting to describe the properties of matter with velocities approaching the speed of light. In 1901, Kaufmann determined an approximate value for the mass of an electron.
Most of these new discoveries were unexplained until 1905, when Albert Einstein developed his theory of special relativity. Einstein's theory predicted non-classical relations between momentum, energy, and velocity. His greatest breakthrough was to give velocity an upper bound of c, the speed of light. Our experiment is an attempt to show the failures of classical mechanics for particles at high velocities and to determine a value for the charge of an electron divided by mass, e/m.
THEORY
The fundamental law of classical mechanics is F = dp dt . From this equation, relationships between kinetic energy, K, momentum, p, and velocity, v can be derived as follows:
where m is the inertial mass of the particle. Under Einstein's theory, the magnitude of v has an upper bound of c and the relationships are:
The force law relating force to momentum still holds in relativistic dynamics. In order to determine a value for e/m, the Lorentz force equation for a particle moving within a magnetic field, B, and electric field, E.
For a particle travelling in a circle of radius r, the electric force must be equal and opposite to the magnetic force in order for the particle to travel in a straight line between two parallel plates. The classical derivation is:
The relativistic relationship becomes:
Knowing | E|, | B|, r, and c, we can determine a value for e/m.
EXPERIMENT
The electrons used in the experiment came from radioactive Strontium-90, which decays to Yittrium-90 by beta decay. Yittrium-90 also emits electrons through beta decay to Zirconium-90. The electrons emitted have energies up to 2 MeV.
The emitted electrons are accelerated through a uniform B field, created by a spherical electromagnet, and a uniform E field, created by a parallel-plate velocity selector as shown in Figure 1 . A silicon PIN diode was used to detect the energy of the electrons in Volts. The voltage is related to the E field by the equation E = V d where d is the plate separation of the velocity selector.
The pulses from the PIN diode are created when the energy from the electrons excites the valence electrons of the silicon in the detector. These valence electrons are promoted to the conduction band of the silicon and collected as a pulse charge. This charge is converted into a voltage pulse by a pre-amp and amplifier. This pulse is fed into a Multi-Channel Analyzer (MCA).
The energy scale of the MCA was calibrated using the known energy spectrum of a Barium-133 source. Barium-133 decays to Cesium-133 through electron capture:
The energies of the gamma rays emitted vary, but the most notable is 81.0 keV, visible on the energy spectrum as a photoelectric peak. The Cesium-133 product emits a K x-ray with energy 30.97 keV, also visible on the spectrum as a photoelectron peak. These two points were used to calibrate the MCA, but further analysis of the spectrum confirmed photoelectric peaks and Compton edges relating to other known γ ray energies as shown in Figure 2 . For our experiment, the B field was set between 60 and 110 Gauss as determined by a Hall effect magnetometer. For each Gauss level, varying levels of voltage were applied across the velocity selector and the MCA collected pulses for 300 seconds. The energy level and total number of counts was recorded for each peak.
DATA AND ANALYSIS
For each value of B, the various voltages measured were plotted against the number of counts as shown in Figure 3 . Each plot was fitted to a Gaussian distribution, the maximum value assigned to V max . V max corresponds to the electric field (E = Vmax d ) with force equal and opposite to the magnetic force, related to the B field by Equation (8) in classical mechanics and Equation (9) in relativistic dynamics.
A plot of E B over B, the classical relation, is shown in Figure 4 . The data is a straight line, but does not pass through the origin as expected. Figure 5 is a plot of Equation (9), the relativistic relation. This plot does pass through the origin, confirming that relativistic dynamics are needed at these energies.
Fitting the plot in Figure 5 to a straight line results in a slope of 0.0124 ± 0.0009statCs 2 g −1 cm −1 . By Equation (9), this value should be equal to re mc 2 . Using our value for r, 40.6 ± 0.4 cm, and the standard value for c, 2.998 × 10 8 m/s, this results in a value for e m of 1.37 ± 0.41 × 10 17 statCg −1 . Our errors come from the uncertainty in determining V max and the errors in measurement of the B field.
The mean kinetic energy for each B field, as determined by our calibration of the MCA, was plotted against B in Figure 6 along with the predicted kinetic energy curves based on classical and relativistic theory. (Further examination of electrodynamics would show that B is proportional to momentum, p.) Our data points lie near, though slightly below, the relativistic curve and well below the classical curve. This suggests that the electrons in our range of kinetic energy require relativistic dynamics. This confirms our choice of equation to determine e m .
CONCLUSIONS
We found e m to be 1.37 ± 0.41 × 10 17 statCg −1 , which is within an order of magnitude of the published value, 5.27 × 10 17 statCg −1 . Our low value of e m is also shown in our kinetic energy curve. While it follows the relativistic curve, our values are all consistently lower than the expected curve. These errors could possibly come from the non-uniformity of the B field and the difficulty in properly aligning the Hall probe. Since the errors are consistent across different B fields, we probably underestimated our error from these sources.
Both our calculations of e m and our plots of K over B confirm that relativistic dynamics are needed for high energies of electrons. Classical mechanics failed to produce an accurate value of e m or a correct prediction of the relationship between energy and momentum.
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